Ever since its first isolation in 2004 [1], graphene along with its derivative structures has been a long-standing focal point for nanoelectronics research [2, 3]. Particularly, they have many desired properties for spintronics and spin qubit devices, including high mobility, long spin lifetime, and gate-tunable carrier concentration, in addition to an almost
vanishing thickness [4, 5, 6] . However, due to the absence of localized d or f electrons, magnetism does not naturally appear in pristine graphene, and its realization usually relies on specific transition-metal adatoms, defects, or specific edge structures [7] . One of the most attractive candidates for graphene-based spintronic device is the mono-hydrogenated zigzag graphene nanoribbons (commonly referred as ZGNRs), in which graphene is terminated by the zigzag edge on both sides with single hydrogen atom occupying each dangling bond. It was proposed by Son et al. in 2006 [8] with ab initio density functional theory (DFT) calculations that this structure becomes half-metallic under a cross-ribbon electric field. This is because the mono-hydrogenated edge produces a localized edge state [9, 10] , which leads to a high electronic density-of-state (DOS) and forms a ferromagnetic (FM) ordering along the edges and an antiferromagnetic ordering at the opposite edges.
However, the appearance of this magnetic structure is premised upon precisely realizing the mono-hydrogenated edge. Besides, it was shown that this mono-hydrogenated edge is energetically less stable [11, 12, 13, 14, 15] and would give way to other edge structures, such as the mono-and di-hydrogenated armchair (a11 and a22) edges (Figures 1 (a) and (b)) and a reconstructed zigzag edge with one di-and two mono-hydrogenated sites (z211, Figure 1 (c)), under standard conditions in terms of environment hydrogen concentrations [16] . Unfortunately, GNRs formed by those more stable edges are semiconducting and non-magnetic. This is commonly speculated [17, 18] as the reason why experimental evidence of magnetism in ZGNRs has been scarce and indirect [19, 20] for over a decade since the theoretical prediction.
Recently, a few two-dimensional (2D) semiconductors, including GaSe, α-SnO, and InP3, have been proposed as potential FM or multiferroic materials under free-carrier doping [21, 22, 23] . The mechanism behind their magnetic ordering is their unique Mexican-hat-shaped band structure that contributes to a significant peak in DOS. By tuning the Fermi level near this peak via doping, the electron-electron exchange interactions can overcome the kinetic energy cost and allow the doped carriers to form iterant ferromagnetism and half-metallicity. These studies opened a new path for realizing magnetism in low-dimensional structures without involving localized d or f electrons. Onedimensional (1D) structures like GNRs have intrinsically more divergent van Hove Singularities (vHSs) in their DOS, which give rise to better chances of realizing magnetism via this mechanism. Particularly, because this is essentially an edge-unrelated quantum confinement effect, it may bypass the stringent requirement for edge structures and offers the potential to realize magnetism and half-metallicity in GNRs.
In this Letter, we consider three types of GNRs as shown in Figure 1 , which include the two common types of edges, ones along the armchair and zigzag directions, and different types of edge hydrogen passivation as well. These structures are known to be the energetically most stable ones but unfortunately do not exhibit any magnetism intrinsically [16] . Following the convention in Ref. [16] , we denote these edge structures as a11, a22 and z211 respectively, where a/z stands for armchair/zigzag edge, and the number denotes how many hydrogen atoms are bonded with each of the consecutive edge carbon atoms within a unit cell. Additionally, we use a number in front to denote the width by the number of C-C dimers or zigzag chains along GNRs. We do not include the mono-hydrogenated ZGNRs because they are intrinsically antiferromagnetic and doping does not essentially change their edge magnetism [24] . Our calculation is based on the ab initio pseudopotential projector-augmented wave DFT method [25] as implemented in the Vienna ab initio simulation package (VASP) [26] . The exchange-correlation functional uses the generalized gradient approximation with Perdew−Burke−Ernzerhof parametrization (GGA-PBE) [27] .
The details of the calculation are included in the Supplementary.
We first focus on the intensively-studied mono-hydrogenated a11-GNRs, which do not exhibit any magnetism before doping. Presented in Figure 2 Spin polarization energy defines the strength of magnetic orders and determines the spin correlation length in 1D and transition temperature in higher dimensions [28] . Although the magnetic momentum is saturated for nearly the entire FM phase, the spin polarization energy per carrier exhibits an inverted parabola shape with a maximum roughly in the middle. For example, for 4-a11-GNR, as shown in Figure 3 (a), the maximum is ∆ = 7 meV at a hole density of = 0.2/nm . For electron doping, the value is comparatively smaller, with ∆ = 3 meV at = 0.07/nm.
This doping-induced magnetism and half metallicity are universal in narrow GNRs and can be observed in different widths. Figure 3 (b) shows a wider 7-a11-GNR, which also exhibit the FM ground state under both electron and hole doping. The magnetic moment is fully saturated although the spin polarization energy is reduced to around 3~4 meV per carrier. Generally, magnetism becomes weaker with increasing ribbon width, and for a11-GNRs with a width larger than 1.3 nm, the magnetic order is no longer detectable with a doping density resolution of 0.02/nm. This indicates that quantum confinement is the crucial factor to induce the magnetism and the magnetic order is limited within narrow
GNRs. Recent experiments have demonstrated fabrication of high-quality narrow GNRs [29, 30, 6] , making our prediction of immediate interests.
Different edge passivations and edge types are known challenges to realize edge magnetism in GNRs. However, this is no longer a barrier to prevent the quantumconfinement induced magnetism from doped narrow GNRs. As shown in Figure 3 (c) , the FM ground state is also observed in doped 6-a22-GNR which has a different passivation of the armchair edge. The magnetic moment per carrier is saturated, and the spin polarization energy reaches above 10 meV per carrier for hole doping, even larger than that of narrower 4-a11-GNR. Moreover, Figure 3 (d) shows the FM ground state in the doped 4-z211-GNR, whose edge is energetically more stable than the mono-hydrogenated zigzag edge [16] . Interestingly, it has the largest spin polarization energy among all our studied GNRs, which reaches 17 meV per carrier at an electron doping density of 0.35 e/nm, larger than that of the armchair-edge GNRs with similar width.
In these studied GNRs, the corresponding range of planer doping density is within the 10 13 cm -2 range, comparable with those predicted for the magnetic 2D monolayer GaSe [21] . This doping density is accessible with the electrostatic gate doping methods without the need for dopant atoms, which has been commonly used for a wide range of monolayer 2D materials that have similar electron affinity and ionization potential [31, 32] . It is also worth noting that optical doping that creates electron and hole simultaneously [33] could also lead to magnetism in the same way. Additionally, the spin polarization energy in these GNRs can reach a few times higher than that of GaSe (~ 3 meV) and comes close to that of mono-hydrogenated ZGNR [8] . Finally, we have calculated the magnetic properties of narrow GNRs with defective edges. Magnetism and half-metallicity remain (See Figure 2 of supplementary information). Given the widely observed doping in nanostructures, this magnetism may be helpful for understanding a broad range of controversial measurements.
The magnetism observed in doped GNRs above and its evolution with the ribbon width and doping density can be understood from the Stoner theory of iterant magnetism. In the Stoner theory [34] , the spin susceptibility of the paramagnetic state is given by = 
where is the Stoner parameter that implicitly includes the exchange and correlation effects at mean-field level and ↑ , ↓ are the density of spin-up and spin-down carriers.
The total energy of the electrons (per unit length) is
where ( ) is the DOS of a single-spin band [36] , which, after integrating, gives
Therefore, the spin polarization energy as a function of the doping density is
which is in close agreement with the DFT results shown in Figure 3 . It leads to a critical doping density = 2 2 ℏ 2 , below which the paramagnetic state becomes less favorable.
It also predicts that the spin-polarization energy reaches maximum ∆ = is the second derivative of the exchange-correlation energy with respect to the magnetization [41] . When the same electronic state is confined within a region of width , the local DOS will increase as ( ) ∝ 1/ , which leads to an increase of the Stoner parameter as ∝ 1/ . This relation agrees well with the DFT calculation, as shown by the dashed line in Figure 4 (d). Particularly, we note that when comparing the value per atom, is around a constant value 3.4 eV, which agrees with the Hubbard U term estimated for graphene nanoribbons [42, 43] and is over 6 times larger than that of bulk 3d transition metals like iron [35] .
As a result, both the maximum spin-polarization energy ∆ and the corresponding planar doping density is proportional to is narrowed down to around 1nm due to the strong cubic scaling. It is worth noting that the quantum confinement enhancement of the Stoner parameter is general and presents in all 1D structures. Therefore, this general mechanism can potentially be used to realize magnetism in other nanostructures as well.
In summary, we have predicted the existence of iterant magnetism and half-metallicity in doped narrow GNRs within first-principle DFT calculation. The magnetism originates from the bulk electronic state of the ribbon and is independent of the specific edge structures. From the Stoner theory, the magnetism come from the enhanced effective mass and Stoner parameter due to quantum confinement and its strength scales with the ribbon width in an inverse cubic relation. Given the widely observed doping in nanostructures, this magnetism is helpful for understanding a broad range of controversial measurements.
Our findings propose a new route for realizing edge-independent magnetism in graphene nanoribbon and show that quantum confinement can be a general mechanism for realizing metal-free magnetism in nanostructures.
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